The self-assembly of the macrophage-activating lipopeptide MALP-2 in aqueous solution has been investigated and is compared to that of the constituent peptide GNNDESNISFKEK. MALP-2 is a tolllike receptor agonist lipopeptide with diverse potential biomedical applications and its self-assembly has not previously been examined. It is found to self-assemble, above a critical aggregation concentration (cac), into remarkable "fibre raft" structures, based on lateral aggregation of βsheet based bilayer tapes. Peptide GNNDESNISFKEK also forms β-sheet structures above a cac, although the morphology is distinct, comprising highly extended and twisted tape structures. A detailed insight into the molecular packing within the MALP-2 raft and GNNDESNISFKEK nanotape structures is obtained through X-ray diffraction and small-angle X-ray scattering. These results point to the significant influence of the attached lipid chains on the self-assembly motif, which lead to the raft structure for the lipopeptide assemblies.
■ INTRODUCTION
The lipopeptide MALP-2, where MALP stands for macrophage-activating lipopeptide and 2 indicates 2 kDa, is a toll-like receptor (TLR) agonist. MALP-2 comprises a 13-residue peptide GNNDESNISFKEK attached to a (2R)-3-((2-amino-3-oxobutyl)thio)propane-1,2-diyl dipalmitate lipid chain (Scheme 1). 1 TLRs are transmembrane proteins with a key role in the immune system and as such are important therapeutic targets. 2 They are activated by Gram -negative bacterial lipopolysaccharides (LPSs), which are so-called endotoxins. Addition of lipid chains to peptides significantly influences their amphiphilicity, leading to potential selfassembly. For TLR agonist lipopeptides, self-assembly and its relationship to bioactivity has hardly been examined to date. In one study it was reported that lipid A (the lipid part of LPS from E. coli) forms small aggregates and that these show bioactivity (tumor necrosis factor TNFα production cell assays), whereas monomer does not. 3 Earlier reports provided conflicting results. Whereas Shnyra et al. reported that aggregated LPS shows enhanced endotoxic activity compared to a less aggregated form, 4 Takayama et al. found enhanced stimulating activity of LPS in a disaggregated monomeric state. 5 The present study builds on our recent work examining the self-assembly of TLRs, 6 with the ultimate aim to investigate whether there is any relationship between self-assembly and bioactivity for these compounds. MALP-2 was originally isolated from Mycoplasma fermentas, 1, 7 although synthetic versions are now available commercially. MALP-2 has potential pharmaceutical applications, including use in cancer treatment, 8 wound healing, 9 treatment of sepsis, 10 as a vaccine adjuvant, 10 or in the treatment of pneumonia. 11 Lipopeptides, also known as peptide amphiphiles (PAs), are a class of biomolecules capable of undergoing self-assembly, driven in part by hydrophobic interactions associated with the lipid chains and in part by interactions among the peptide headgroups, including electrostatic interactions, aromatic stacking interactions, and hydrogen bonding. The latter can lead to ordered secondary structures such as β-sheets, which are commonly observed for extended fibrillar self-assemblies. 12 There has been much progress recently in the development of designed PAs incorporating one or more lipid chains (typically palmitoyl) attached to a variety of bioactive peptides. The attachment of lipid chains leads to aggregation, typically into fibrils, upon the surface of which the active peptide motif is presented at high density, often leading to enhanced bioactivity compared to the peptide itself. 12 The excitement resulting from the potential use of these systems in biomedical applications has stimulated us to investigate several lipopeptides already commercially available due to their toll-like receptor activity, focusing on the so-far unstudied self-assembly properties. This work forms part of this ongoing activity.
As part of this program to investigate the self-assembly of bioactive lipopeptides, 13 we recently studied the self-assembly of a related series of three TLR agonist lipopeptides PAMCSK 4 , PAM 2 CSK 4 , and PAM 3 CSK 4 , each containing the CSK 4 peptide headgroup along with one, two, or three C 16 (palmitoyl, PAM) lipid chains. 6 PAMCSK 4 and PAM 2 CSK 4 were shown to selfassemble into spherical micelles with an unordered peptide conformation, whereas, in contrast, PAM 3 CSK 4 forms wormlike structures based bilayers with peptides adopting β-sheet structures. 6 Here we develop this research by examining for the first time the self-assembly of the TLR agonist lipopeptide MALP-2. This lipopeptide has the structure S-(2,3-bis-palmitoyl-(2R)oxypropyl)cysteine-GNNDESNISFKEK (Scheme 1; the extract from Mycoplasma fermentans contained C 18 as well as C 16 lipid chains 1 ). MALP-2 signals via TLR2/TLR6 heterodimers with the cell surface cluster of differentiation protein CD36 as coreceptor. 7, 14 In contrast, PAM 3 CSK 4 acts on TLR1/2 heterodimers. A summary of the TLR recognition of microbial components is available. 15 MALP-2 is potent in stimulating macrophages or monocytes at pM concentrations. 16 To the best of our knowledge, the self-assembly of MALP-2 has not previously been investigated. We also study the selfassembly of the peptide component of MALP-2, that is, the 13residue peptide GNNDESNISFKEK, to evaluate the influence of peptide versus lipid chain units in the self-assembly process. We apply a combination of spectroscopic, microscopic, and Xray scattering methods to elucidate the secondary structure and mode of assembly of MALP-2 and its constituent peptide.
■ EXPERIMENTAL SECTION
Materials. MALP-2 (Scheme 1) was custom synthesized by Peptide Synthetics (U.K.). The average molecular mass was 2137.2 g mol −1 (expected 2135.2 g mol −1 ) with a purity >95%, as determined from analytical HPLC. The synthesis of this material is described in detail elsewhere, 17 although Peptide Synthetics have followed prior literature reports 18 to synthesize the lipid chain to which the peptide has been added by conventional stepwise solid phase peptide synthesis techniques. The starting material is an epoxide, (S)-(−)glycidol (Sigma-Aldrich). NMR data for the (2R)-3-((2-amino-3-oxobutyl)thio)propane-1,2-diyl dipalmitate lipid chain are provided in the Supporting Information.
Samples were dissolved in water. All data are presented for samples at 0.5 wt % MALP-2 in water unless stated.
GNNDESNISFKEK, the peptide sequence in MALP-2 (Scheme 1), was custom synthesized by Peptide Synthetics (U.K.). The average molecular mass was 1481.520 g mol −1 (expected 1481.54 g mol −1 ) with purity >95%, as determined from analytical HPLC.
Fluorescence Spectroscopy. ANS (8-anilo-1-naphthalenesulfonic acid) and Thioflavin T (ThT) fluorescence were used to locate the critical aggregation concentration (cac). Spectra were recorded with a Varian Cary Eclipse fluorescence spectrometer with samples in 4 mm inner width quartz cuvettes. The ANS fluorophore is a probe sensitive to the hydrophobicity of its surrounding environment, 19 making it suitable to determine the cac. ANS assays were performed measuring spectra from 400 to 670 nm (λ ex = 356 nm), using a 74 μM ANS solution to solubilize the peptide. ThT fluorescence depends on the formation of amyloid-like structures 20 (β-sheet fibrils) and is used for amyloid fibril-forming peptides. For the ThT assay, the spectra were recorded from 460 to 600 nm using an excitation wavelength λ ex = 440 nm, and the peptide was dissolved in a 5.0 × 10 −3 wt % ThT solution.
Fourier Transform Infra-Red (FTIR) Spectroscopy. Variable temperature FTIR experiments for MALP-2 and GNNDESNISFKEK were performed using a PerkinElmer Spectrum II FTIR spectrometer. Solutions in D 2 O were sandwiched between two CaF 2 plate windows, with a 0.0533 mm thick Teflon spacer. The plate sandwich was heated and cooled using a Specac 4000 series high stability heating controller, and a Specac electrical heating jacket. Experiments were performed by increasing the temperature from 25 to 60°C with a 5°C step at a rate ∼1°C/min. The temperature was then reduced to 25°C at a rate ∼2°C /3 min. A D 2 O background spectrum was subtracted from the spectrum of each sample. For temperature dependent FTIR, the D 2 O spectra was measured as a function of the temperature and subtracted from the FTIR of the sample at the corresponding temperature. After D 2 O subtraction, a constant baseline of 0.013 and −0.003 was subtracted from the spectra for MALP-2 and GNNDESNISFKEK.
Circular Dichroism. CD spectra were recorded using a Chirascan spectropolarimeter (Applied Photophysics, U.K.). Spectra are presented with absorbance A < 2 at any measured point with a 0.5 nm step, 1 nm bandwidth, and 1 s collection time per step. The spectrum from water was subtracted as background.
For MALP-2, CD spectra were measured for increasing temperatures in the range 25−70°C, using a 10°C temperature step. The solution was equilibrated at each temperature point for 2 min before measurements were taken. Quartz plaques (0.1 mm thick) were loaded with 0.5 wt % MALP-2 for the CD experiments.
GNNDESNISFKEK solutions were measured using parallel plaques (0.01 mm gap) for concentrations 0.5−2 wt % and a quartz cuvette (1 mm thick) for 0.008 wt %. The CD spectra for 0.008−1 wt % were smoothed using the Chirascan instrument software, confirming that the residual trace shows only noise randomly distributed about zero.
Small-Angle X-ray Scattering (SAXS). SAXS experiments were performed on beamline B21 at Diamond using a BioSAXS robot. Solutions were loaded into the 96-well plate of an EMBL BioSAXS robot and then injected via an automated sample exchanger into a quartz capillary (1.8 mm internal diameter) in the X-ray beam. The quartz capillary was enclosed in a vacuum chamber, in order to avoid parasitic scattering. After the sample was injected in the capillary and reached the X-ray beam, the flow was stopped during the SAXS data acquisition. B21 operated with a fixed camera length (3.9 m) and fixed energy (12.4 keV). The images were captured using a Pilatus 2 M detector. Data processing (background subtraction, radial averaging) was performed using the dedicated beamline software Scatter.
X-ray Diffraction (XRD). XRD was performed on a peptide stalk prepared by drawing a fiber of a 1 or 10 wt % peptide solution between the ends of wax-coated capillaries. After separation of the capillaries and drying, a stalk was left on the end of one capillary. MALP-2 stalks were mounted (vertically) onto the goniometer of an Oxford Instruments Gemini X-ray diffractometer, equipped with a Sapphire 3 CCD detector. The sample-to-detector distance was 45 mm. GNNDESNISFKEK stalks were mounted vertically onto the four axis goniometer of a RAXIS IV++ X-ray diffractometer (Rigaku) equipped with a rotating anode generator, while the XRD data was collected using a Saturn 992 CCD camera. The sample-to-detector distance was 50 mm. CLEARER software 21 was used to reduce the 2D data to a one-dimensional intensity profile.
Cryogenic Transmission Electron Microscopy (Cryo-TEM). Experiments were carried out using a field emission cryo-electron microscope (JEOL JEM-3200FSC) operating at 300 kV. Images were taken using bright-field mode and zero loss energy filtering (omega type) with a slit width 20 eV. Micrographs were recorded using a Gatan Ultrascan 4000 CCD camera. The specimen temperature was maintained at −187°C during the imaging. Vitrified specimens were prepared using an automated FEI Vitrobot device using Quantifoil 3.5/1 holey carbon copper grids with 3.5 μm hole sizes. Grids were cleaned using a Gatan Solarus 9500 plasma cleaner just prior to use and then transferred into the environmental chamber of a FEI Vitrobot at room temperature and 100% humidity. Thereafter, 3 μL of sample solution at 0.5 wt % concentration was applied on the grid, blotted once for 1 s, and then vitrified in a 1/1 mixture of liquid ethane and propane at −180°C. Grids with vitrified sample solutions were maintained in a liquid nitrogen atmosphere and then cryo-transferred into the microscope.
■ RESULTS AND DISCUSSION Self-Assembly of MALP-2. The critical aggregation concentration (cac) of MALP-2 was obtained from assays using fluorescent dyes. We have performed assays that are sensitive both to the formation of hydrophobic domains (ANS) 19, 22 and to the formation of β-sheet "amyloid" structures (Thioflavin T, ThT). 20,23 ANS has been selected as a less toxic alternative to pyrene used in previous measurements of lipopeptide cac values by ourselves and others. 24 As shown by the data in Figure 1 , the cac from the ANS assay is 1.8 × 10 −3 wt %. The cac by Thioflavin T fluorescence is 2.7 × 10 −3 wt %. This value is in good agreement with that obtained from the ANS fluorescence assay and indicates that β-sheet formation occurs concurrently with the formation of aggregates with sequestered hydrophobic domains. We have previously noted good agreement between cac values obtained by hydrophobic dye (pyrene) and ThT fluorescence assays, 25 although this is not necessarily the case a priori since scenarios where hydrophobic collapse occurs independently of β-sheet formation can readily be envisaged and have, in fact, been observed. 26 We next determined the secondary structure of the peptide motif within MALP-2 using a combination of circular dichroism (CD) and FTIR spectroscopies. The thermal dependence was studied since we have previously noted that the self-assembly of some lipopeptides depends on lipid chain melting events which may occur around 40−50°C for C 16 (palmitoyl) lipopeptides 6,13a or lipids (for example, DPPC 27 ). This behavior is not observed for all the lipopeptides we have examined since intermolecular interactions involving the peptide headgroup can influence the ordering of the lipid chains and suppress any lipid chain melting process. FTIR spectra measured as a function of increasing temperature from 25 to 60°C for a sample containing 0.5 wt % MALP-2, are shown in Figure 2a ,b. The spectrum recorded after cooling to 25°C from 60°C is also shown. The assignment of a β-sheet secondary structure was confirmed by FTIR in Figure 2a . The presence of a peak at 1622 cm −1 , which is independent of temperature over the range studied, is consistent with a β-sheet secondary structure. 28 There is also a sharp peak at 1672 cm −1 due to bound TFA counterions 29 (Figure 2a ). Figure S2a shows a deconvolution of the background-corrected FTIR spectra in the amide I′ region showing the substantial contribution from the 1622 cm −1 βsheet peak, but with additional peaks from the TFA peak and from a peak near 1640 cm −1 , which is tentatively assigned to unordered structures. Figure 2b displays the region of the FTIR spectra corresponding to the CH 2 stretching modes of the lipid chains, 27b showing bands centered at ∼2850 and ∼2920 cm −1 . The temperature dependence of difference spectra (with respect to 25°C) in the 2900−2950 cm −1 range is shown in Figure S2b . There is a clear change in the intensity of the peaks and a small shift in peak position with temperature. However, there was no clear evidence for a sharp lipid chain melting transition in the range 25−60°C. In the case of lipids, there is a discontinuity across the gel−liquid crystal (L α ) phase transition. 27,30 Such a discontinuity is not observed for MALP-2, rather there is a progressive increase in lipid chain flexibility. In order to confirm that the peaks in this range are not due to D 2 O (which has a peak in the 2200−2700 cm −1 range 31 ), a spectrum was also measured in H 2 O, and the result is shown in Figure S2c . This confirms the presence of peaks at 2850 and 2920 cm −1 , along with small shoulder peaks at 2874 and 2960 cm −1 .
Next, we measured the CD spectra for 0.5 wt % MALP-2, above the cac, for temperatures increasing from 20 to 70°C, together with the spectrum at 20°C after cooling from from 70°C (Figure 2c ). The CD spectra in Figure 2c can clearly be assigned to β-sheet structure, 32 as there is a pronounced minimum at 221 nm and a maximum at 200 nm. Similar features in the CD spectra are present for concentrations as low as 0.009 wt % MALP-2 (data not shown). Figure S3 displays the temperature dependence of the molar ellipticity at 221 nm. In good agreement with the FTIR spectra shown in Figure 2a , the CD spectra indicate no significant changes in secondary structure of MALP-2 in solution upon heating. The data in Figure S3 only show a slight reduction in negative molar ellipticity.
The findings from spectroscopic measurements are supported by fiber X-ray diffraction from a dried stalk of MALP-2. The measured fiber X-ray diffraction pattern was found to be isotropic and so were reduced to a radial one-dimensional intensity profile (Figure 3 ). This shows a sharp peak corresponding to a d spacing of 4.66 Å and a series of peaks with smaller d-spacings corresponding to intrapeptide or intralipid chain ordering. The 4.66 Å peak can be assigned to the separation distance of β-strands within β-sheets, as expected for the "cross-β" fiber diffraction pattern from peptides showing β-sheet structure. 33 Cryo-TEM is a powerful technique to image self-assembled structures via cryo-vitrification of the sample, avoiding potential artifacts associated with drying and/or staining as in conventional negative stain TEM. Cryo-TEM images obtained from solutions of MALP-2 are shown in Figure 4 . Remarkable novel "raft-like" structures are observed, which appear to be lateral aggregates of tape-like fibers, extending up to hundreds of nanometers laterally, but with considerable polydispersity in lateral dimensions. The spacing between the fibers in the raft bundles is small, being variable, but always less than 10 nm.
Cryo-TEM was complemented with in situ small-angle X-ray scattering (SAXS), which provides accurate information on the dimensions of the nanostructures and their internal structure. Figure 5 shows intensity profiles measured as a function of temperature for a 0.5 wt % aqueous solution of the lipopeptide, along with model form factor fits. The form factor is that for a lipid bilayer structure, comprising three Gaussian functions to represent the electron density variation across the two headgroups and the dense lipid core. 34 The model and its application to PA bilayer structures have been described in detail in our previous papers. 13b,d The fitting was implemented using the software SASfit. 35 This form factor provides an excellent fit to the data and confirms that the self-assembled tapes comprise bilayers with a thickness t = 30 Å (at 25°C) increasing to 35 Å at 60°C. The other fit parameters are provided in SI, Table S1 . The value obtained for the layer thickness t indicates that the bilayers comprise highly interdigitated molecules, with some folded peptide residues and/or disorder in the lipid chain, since the extended length of an hexadecyl PA containing a 13-residue peptide in a parallel βsheet is expected 36 to be approximately 18 Å (from the C 16 chain) + 13 × 3.2 Å (from the 13-residue peptide) = 59.6 Å. The SAXS data in Figure 5 shows no major structural transition within the range 20−60°C, consistent with the FTIR data showing no change in β-sheet structure over this range of temperatures. This points to a high degree of stability of the bilayer structure. We return shortly to present a model for the packing of the MALP-2 molecules.
Self-Assembly of GNNDESNISFKEK. The peptide GNNDESNISFKEK exhibits good solubility in water, with an isoelectric point at pH 4.44 in water, as calculated using Innovagen software. 37 In this work we studied GNNDESNIS-FKEK concentrations in the range of 0.008−10 wt %. GNNDESNISFKEK solutions exhibited a change in viscosity with increasing concentration, with a sol−gel transition at ∼5 Figure S4 shows the dependence of the pH on the peptide concentration. The data in Figure S4 together with the dependence of the peptide charge on pH, calculated using the Innovagen software (data not shown), 37 show that the peptide charge slowly increases from ∼+1 to ∼+3 over the range of concentrations 0.008−10 wt %. Figure S4 also shows the concentration-dependent pH measured for MALP-2.
As mentioned above, ANS is a naphthalene derivative probe that is hardly fluorescent in an aqueous environment but becomes highly fluorescent in apolar environments, 19, 22 making it a useful probe to measure the cac of peptide solutions. Addition of GNNDESNISFKEK to an aqueous solution of ANS (74 μM) led to a blue shift and an enhancement in the fluorescence emission spectra (inset, Figure 6 ), supporting the fact that the probe (ANS) moves into a hydrophobic region, which is created by the self-assembly of GNNDESNISFKEK. The cac for the peptide is determined as 0.49 wt % from the inflection point of the fluorescence intensity vs concentration plot (Figure 6a ). An additional ThT fluorescence assay ( Figure  6b ) showed that the formation of amyloid fibers takes place at 0.54 wt % peptide, very close to the cac determined by ANS. This indicates that hydrophobic collapse and fibril formation occur essentially together, as for the MALP-2 lipopeptide.
FTIR spectroscopy was used to investigate secondary structure formation. Spectra covering the amide I′ and amide II′′ regions from 0.5 to 10 wt % peptide are shown in Figure 7a .
All the FTIR spectra exhibit a sharp peak at 1672 cm −1 due to bound TFA counterions, 29 which was used to normalize the spectra. Spectra with concentrations between 1.5 and 10 wt % peptide exhibit a peak at 1455 cm −1 from side chains 38 and a peak at 1606 cm −1 consistent with a frequency-shifted β-sheet peak (reflecting very weak H-bonding). 39 Spectra for samples with concentrations between 3 and 10 wt % peptide exhibit a peak at 1722 cm −1 from carboxyl group stretching, while a 1553 cm −1 peak (from CC stretching vibrations 40 ) appears for higher concentration samples. The FTIR results in Figure 7a show that there are no major structural changes in the secondary structure upon gel formation. Temperature-dependent FTIR spectra for a sample containing 0.5 wt % peptide ( Figure S5 ), that is, close to the cac, show no significant changes with temperature, and this was not examined further for this sample.
CD was used, in addition to FTIR, to assess the secondary structure of GNNDESNISFKEK in solution. The CD spectra measured for 0.008−2 wt % peptide (Figure 7b secondary maximum at about 215−225 nm are characteristic of those of unordered peptide, lacking secondary structure. 41 The CD spectra measured for 2 and 1.5 wt % peptide, characterized by two negative bands at 202 and 213 nm (Figure 7b) , are similar to CD spectra assigned to β-turn structures in the literature. 42 The minimum at 213 nm suggests a contribution from β-sheet structure. 32b While FTIR data does not permit unambiguous assignment of the GNNDESNISFKEK secondary structure, CD shows a clear evolution from a disordered structure below the cac, into a structure containing β-sheets (along with β-turns) above the cac.
X-ray diffraction patterns measured for stalks prepared using 1 wt % (sol) and 10 (gel) wt % GNNDESNISFKEK showed partial orientation. Therefore, equatorial and meridional sections obtained from 2D XRD images were used to calculate the averaged intensity (Figure 8 ). The XRD data for 1 wt % peptide (Figure 8a) is characterized by reflections at 4.6 and 3.8 Å, corresponding to the β-strand spacing and the spacing between C α units in the β-sheet, respectively. 33a A diffuse central scattering peak at 10.5 Å in Figure 8a , can be assigned to the lateral distance between β-sheets. 33a Similar reflections are present at 4.6, 3.8, and 10.2 Å in the XRD spectra measured for 10 wt % peptide (Figure 8b ). In addition, Figure 8b shows a meridional reflection at 21.7 Å, which is close to the "bilayer" width obtained from fitting the SAXS data (Table S2 ). The expected length of a 13-residue peptide such as GNNDESNIS-FKEK is 44.2 Å, considering an individual residue spacing of 3.4 Å, 36 so the observed XRD and SAXS data suggest a model with an ordered "core" of β-sheet residues surrounded by more disordered outer hydrophilic residues.
The self-assembled structure formed by GNNDESNISFKEK was examined by cryo-TEM. The images showed the formation of homogeneous twisted tapes 12.3 ± 2.3 nm wide (histogram, Figure S6 ) and extending to micrometers in length (Figure 9 ).
The corresponding SAXS profile, along with model form factor fit, is shown in Figure 10 . The fit is to a Gaussian bilayer model, as for MALP-2. The layer thickness obtained is 18.8 Å, and the other fitting parameters are listed in SI, Table S2 . Comparison of the obtained layer thickness to the estimated length of the molecule (and also keeping in mind the value obtained for the lipopeptide) suggests an antiparallel bilayer structure in which the hydrophobic residues are sequestered in the bilayer core while the hydrophilic lysine residues are present at the bilayer surfaces, possibly in a disordered form. A proposed structure is shown in Figure 11 , along with a model for the bilayer structure of MALP-2.
■ SUMMARY AND CONCLUSIONS
Through a combination of spectroscopic, scattering, and microscopic methods, we find that MALP-2 self-assembles in water, above a critical aggregation concentration, into unique raft-like bundles of fibers. These are lateral aggregates of short β-sheet fibers. The secondary structure of these fibers is not affected by phase transitions in the lipid chain in the range 25− 70°C. MALP-2 self-assembles into nanotape structures based on bilayers, consistent with amphiphilic nature of the molecule. Since the obtained bilayer thickness is significantly less than that expected for an extended conformation of the chains, we propose a model of fully interdigitated lipid chains, with the attached peptide also largely in a disordered conformation although the inner residues closest to the lipid chains are involved in intermolecular H-bonding interactions as CD, FTIR, and XRD all point to the presence of β-sheet features. In our previous studies on lipopeptide self-assemblies the bilayer thickness is consistent with the all or most of the peptide sequence being incorporated into β-sheet assemblies. 24a, 25, 43 We suggest that the situation may differ in MALP-2 due to the nature of the ((2-amino-3-oxobutyl)thio)propane-1,2-diyl linker to the two palmitoyl chains, which is different to the direct ester linkage between single palmitoyl chains and the peptide in the lipopeptides previously studied by our group and others. This is probably more important than the length of the peptide sequence, which may also have an influence on secondary structure, since it might be expected that outer residues in a lengthy peptide attached to a lipid chain would tend to adopt a less ordered conformation. Indeed, work by the Hartgerink and Stupp groups shows that in lipopeptides (single palmitoylated peptides) the first few (ca. four) residues closest to the lipid chain are intermolecularly H-bonded, driving β-sheet secondary structures, and indeed it has been shown that N-methylation of such residues disrupts this. 44 Outer residues will have greater conformational flexibility and so a higher propensity to adopt less ordered secondary structures. Nonetheless, even for PAs incorporating similar length peptides to that in MALP-2 such as the 13-residue sequence in C 16 -YEALRVANEVTLN, the measured bilayer spacing (51 Å) suggests an extended peptide conformation with β-sheet ordering extending significantly along the peptide chain, although the total spacing is still less than that for an extended β-strand + lipid chain. 45 For this reason, it is suggested that the nature of the linker in MALP-2 is one key influence on the ordering of the peptide residues, although the presence of multiple lysine residues is also expected to hinder β-sheet formation by the outer residues, due to electrostatic repulsion. Deconvoluting these different influences requires the design of lipopeptides with systematically varied linkers and peptide sequences, which will be an interesting subject for future research.
The constituent peptide within MALP-2, GNNDESNIS-FKEK, self-assembles in water at a concentration ∼0.5 wt % peptide, much higher than the cac for MALP-2, due to the absence of the hydrophobic lipid chain in the chemical structure. GNNDESNISFKEK forms extended twisted tapelike structures. This is in marked contrast to the remarkable raft-like fiber bundles observed for MALP-2. At high concentration, β-sheets of GNNDESNISFKEK are arranged in a proposed antiparallel arrangement. It is evident from our results that, although the lipid chain directs the self-assembly of MALP-2, it also disrupts the fibrillization, generating shorter fibers than those obtained for the peptide alone. In the case of both MALP-2 and its constituent peptide, our SAXS results indicate that a significant fraction of the peptide, presumed to be the outer hydrophilic residues, is in a disordered conformation. In MALP-2, the inner GNNDES··· residues are tethered to the lipid chains in the interior of the bilayer assemblies; however, in the case of the nonlipidated peptide, there is no lipid chain anchor and in this case the GNNDES residues are proposed to lie in the interior of antiparallel layer structures ( Figure 11 ).
Our results highlight the substantial influence of the lipid chain attachment on the peptide to the self-assembled nanostructure. The dipalmitoyl chains, linked to the peptide via a flexible chiral linker in MALP-2 facilitate lateral interactions between the fibers, producing raft-like selfassembled structures. In future work it will be interesting to examine whether this self-assembly motif has any influence on bioactivity, although this can already be observed at very low concentrations (pM−nM, 1,14b 1 pM = 2.1 × 10 −10 wt %), well below the cac. The unprecedented raft-like structures are interesting intermediates between planar nanosheet or tape structures and isolated fibrils and suggest that in MALP-2 the balance between the intermolecular interactions that typically favor one or other of these structures is very fine. Strong hydrophobic interactions of lipid chains in lipopeptides typically lead to nanotape structures based on bilayers, whereas strong β-sheet fibrillization favors peptide fibril formation. The peptide fibril raft structure observed for MALP-2 may be an intermediate structure between these two cases. In a previous study, 46 the formation of hexagonally ordered lipopeptide filament bundles (induced by X-ray irradiation) was observed. Bundle formation was ascribed to the growth of new charged filaments constrained by (entropic) forces within the channels of the pre-existing loose filament network, the new filaments interacting through enhanced electrostatic forces between lipopeptides induced by X-ray induced carboxyl group ionization. In our studies, X-ray beam damage was not observed, nevertheless electrostatic effects will be important in interpeptide interactions due to the presence of multiple charged residues, especially at the C terminus. In the case of MALP-2, the cryo-TEM images have been taken several days after sample preparation which indicates rafts are formed and are stable over such a period, and in addition, temperaturedependent SAXS experiments show ( Figure 5 ) the stability of bilayer nanostructures under thermal cycling across the lipid chain melting temperature. Understanding the kinetics of aggregation and of raft formation are an interesting challenge for future work.
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